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ABSTRACT

Alloy 709 is a candidate construction material for the Sodium Fast Reactor (SFR). As part of the Alloy
709 ASME Code Case development team under the Advanced Reactor Technologies (ART) Program, this
work covers the development of the technical basis for weld fabrication and weld qualification of Alloy
709. This report summarizes the research conducted in FY 2021 and relevant results from previous
reporting periods, aimed at welding commercial heat of Alloy 709 plates of relatively high phosphorous
(P) level in support of ASME code case data package. Welding, code qualification tests, and associated
microstructure characterization were carried out in determining the effect of P levels of weld wire on the
weldability of the high P commercial heat of Alloy 709. The Alloy 709 weld creep strength was evaluated
though preliminary creep testing.

All welds produced and investigated so far in this work have been on the first commercial heat of Alloy
709 with 140wppm P (the Carlson Heat 58776). Welds with three different P levels were produced by
changing the P level of the weld wires from 20wppm to 140wppm.

The study found that the Carlson Heat 58776 with 140wppm P can be welded with relative ease when
using a low P (<20wppm) weld wire with gas tungsten arc welding (GTAW) at typical welding input
levels. Furthermore, preliminary cross weld creep tests showed little or no creep strength reduction in the
weld region relative to that of the base metal. This established the basis to produce defect free weld with
low P weld wire practice, and it has been adopted to produce an additional large size weld in support of
the planned creep testing and others as part of the Alloy 709 Code Case data package. Meanwhile, studies
on the restriction of the P level in the weld wire continued. When the P level in the weld wire increases to
140wppm, micro cracks or micro fissures are observed in the weldment. This was caused by significant
micro segregation of P at the solidification grain boundaries of the weld metal. It is possible to improve
the weldability by adjusting the weld wire size to reduce the welding heat input. However, additional
R&D is necessary to eliminate the micro-cracks at 140wppm level of P. Initial weld creep test indicated
that the micro-cracks would potentially cause premature rupture under low-temperature and high-stress
creep testing conditions, although they had minimal effect to weld creep strength under lower stress and
higher temperature conditions. Finally, the weld fabricated using a weld wire with the medium P level
(estimated at 80wppm) passed the ASME Sec IX weld qualification requirement and showed improved
weldability compared to the 140wppm case. Micro-cracks were still observed, but they were much
smaller and the number density of these defects were much less than those at the 140wppm P level. High-
temperature creep testing of the medium P level weld has been planned and will be carried out in FY
2022.

Vi



1. INTRODUCTION

Advanced materials can have a significant impact on flexibility, safety, and economics of the future
sodium fast reactor (SFR). This is due to innovative designs and design simplifications that could be
made possible using materials with enhanced mechanical properties. Improved materials performance
also impacts safety through improved reliability and greater design margins. Improved material reliability
could also result in reduced down time.

Alloy 709 is an advanced nitrogen-stabilized and niobium-strengthened austenitic stainless steel.
Compared to a reference construction material 316H stainless steel for SFR, Alloy 709 has enhanced
creep strength, good steam oxidation resistance and hot corrosion resistance. It is an attractive candidate
construction material for SFR systems. Code qualification of Alloy 709 is underway as part of the
development effort under the US Department of Energy, Advanced Reactor Technologies (ART) Program
(Sham & Natesan, 2017), to provide the technical basis necessary to support the regulatory requirements
for structural materials required for advanced, non-light water reactors that could be deployed in the near-
to-mid-term.

Welding is essential in construction of SFR structures. The code case qualification for SFR would require
the development of a sound technical basis for welding of Alloy 709. It would include the development of
welding guidelines with supporting testing results to fabricate ASME Section IX (ASME, 2019) qualified
welds using weld wires with appropriately specified chemistry range, to eliminate solidification cracking,
minimize stress relaxation cracking susceptibility, and retain the good high temperature mechanical
properties, for selected heats meeting relevant ASTM/ASME chemistry specifications.

Alloy 709 is derived from NF709, i.e., TP310MoCbN (UNS S31025) specified in ASME BPVC.II SA-
213/SA-213M (ASME, 2021). NF709 seamless tube was developed by Nippon Steel Corporation in
Japan for boiler tubing applications. Previous studies such as these by Nippon Steel (2013), suggested that
NF709 has relatively good weldability. Alloy 709 matching filler metal and Alloy 625 filler metal were
the two weld metals that Nippon Steel had recommended to weld seamless tubing. Performance of Alloy
709 weldment fabricated using Alloy 625 filler metal in sodium was found to be less than optimal during
the Alloy 709 intermediate term testing program because of the high solubility of nickel in sodium.
Weldment fabricated from Alloy 709 matching filler metal was found to have good sodium compatibility.
However, earlier welding studies on experimental heats of Alloy 709 in plate form by the ART Program
(Yamamoto, 2014) revealed potential issues of weld solidification cracking when the level of impurities
such as P is high but still within the ASME BPVC.II SA-213/SA-213M (ASME, 2021). Only the
weldment with very low P content (less than 20 wppm, or 0.002 wt%) in both the base metal (plate form)
and the matching filler metal passed the ASME Section IX weldment qualification test. While a Section
IX qualified weldment was fabricated successfully, the requirement of very low P content (20wppm)
places a severe restriction.

The objective of this study was to research and develop suitable welding techniques that would
successfully weld Alloy 709 base metal with higher P content within the limit of ASME BPVC.II SA-
213/SA-213M (ASME, 2021), and evaluate the options to relax the tight restriction on P content for the
weld wire. To this end, computational solidification simulation modeling was first carried out in 2018
(Feng, Vitek, Liu, & Wang, 2018) to investigate the solidification behavior of Alloy 709. The roles of
alloying elements, in particular the impurity elements P, S, and B on solidification behavior and
susceptibility of weld solidification cracking were systematically analyzed and identified using the
computational simulation model. Scheil simulations of non-equilibrium solidification were performed to
simulate the solidification during welding. Equilibrium calculations were also made for comparison. It
was found that P has the most important impact on solidification behavior. Increasing levels of P from
0.002 wt% (20wppm) to 0.018 wt % (180wppm) led to a decrease in the solidus temperature of over
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300°C. That is, high levels of P lead to very large increases in the non-equilibrium solidification
temperature range. Thus, P is expected to significantly increase the susceptibility of weld solidification
cracking of Alloy 709. This conclusion was supported by limited experimental data that showed poor
weldability and considerable cracking for experimental Alloy 709 heats (<20wppm P) when welded with
weld wires of high P levels (Yamamoto, 2014)

The knowledge obtained from the computational modeling above leads to the development of strategies to
weld Alloy 709 having wide range of chemistries without weld solidification cracking to support code
qualification. One of the approaches was to limit the P level of the weld wire when welding Alloy 709
base metal having relatively high P. For weld wires with high P levels, special welding procedures or
innovative welding techniques may be necessary to produce code qualified welds.

In FY 2019 and FY 2020 (Feng et al. 2019, 2020), a series of ASME Section 1X qualified welds were
successfully fabricated using the low P weld wire (<20 wppm P) on the first commercially produced heat
— the Carlson Heat 58776 Alloy 709 plates. It is noted that the Carlson heat Alloy 709 plates has
relatively high P level of 140wppm. In addition, through welding parameters optimization, it
demonstrated the possibility of welding the Carlson Heat Alloy 709 plates using high P weld wire (140
wppm P), although welding defects related to solidification cracking within the qualified limit could not
be eliminated.

As part of a parallel base metal Alloy 709 R&D effort on under the ART Program, a heat treatment
protocol was developed to enhance the creep-fatigue resistance of Alloy 709 (Zhang, Sham and Young,
2019). Welding of such heat-treated Alloy 709 base metal was the focus in FY2021 welding development
effort, and the goal is to confirm the suitability of the previously developed welding procedures to the
heat-treated Alloy 709 plates. This report summarizes the welding research progress on heat-treated
Carlson heat Alloy 709 plates in FY2021.



2. MATERIAL

The Alloy 709 base metal used in this work was the first commercial heat produced within the U.S. and
the hot-rolled plates fabricated from this commercial heat were procured as part of the Alloy 709
fabrication scale up effort by the ART Program. This commercial heat was produced by G.O. Carlson Inc.
in Pennsylvania (Carlson Heat 58776). Details of the manufacture process of the Carlson Heat 58776 are
provided in a report by (Natesan, Natesan, Zhang, Sham, & Wang, 2017). The Carlson Heat 58776 was
processed by either Argon-Oxygen-Decarburization (AOD) or by additional electroslag remelting (ESR).
They were subsequently hot-rolled and solution annealed (SA) at different temperatures. Table 1 lists the
base metal plates used in this work. They were all from the master heat, Carlson Heat 58776, subjected to
different heat treatment schedules.

In developing Alloy 709 for ASME code qualification, a sub-set of base plates were age heat treated. The
aging heat treatment protocol (775°C for 10hours, followed by air cool) was developed to enhance its
creep-fatigue resistance (Zhang, Sham, & Young, 2019). Welding of this heat-treated base metal
(ESR1150-AH in Table 1) was the focus of welding research in FY 2021. The welding parameters were
built upon the previously developed welding procedure.

Table 1 Heat treatment conditions of base metal plates in this work

Designated Base Plate Melting Solution Heat Aging Heat Plate thickness,
Base Plate ID | Heat Number Treatment, °C Treatment, mm
ESR1100 58776-3RBB | AOD+ESR 1100 none 28.5
ESR1150 58776-3RBC | AOD+ESR 1150 none 28.5
ESR1150-AH | ESR1150-AH | AOD+ESR 1150 775°C, 10 h, air cool 28.5
AOD1050 58776-4A AOD only 1050 none 30
AOD1100 58776-4B AOD only 1100 none 30

The chemical compositions of the Carlson Heat 58776 base metal plates used in this study are given in
Table 2. As shown in the table, the Carlson Heat has relatively high P level at 0.014 wt% (140wppm). For
comparison, Table 2 also provides the specifications for the chemical requirements of Nippon Steel
NF709, TP310MoCbN, seamless tubing, with a UNS number of S31025 in ASME SA-213 (ASME
2019a).

Table 2. Chemical compositions of Alloy 709 materials (wt%o).

HeatorlotlD | C | cr | Co | Ni | Mn | Mo | N | si P s [ 1i[w ]| a | B | cu
58776-
st | 0066 | 2005 | 0.02 | 2514 | 090 | 151 | 0152 | 038 | 0.014 | 0001 | 001 | 0.26 | 002 [00030| 0.06
58776-4AMB | 007 | 19.93 | 002 | 2498 | 091 | 151 | 0148 | 044 | 0014 | <001 | 0.04 | 026 | 002 |0.0045| 0.06
011367-08 | 0.079 | 2003 | <0.01 | 2505 | 087 | 1.48 | 0.156 | 0.28 |<0.002 <°'§°1 <001 | 028 | 002 | 0.003 | <0.01
010 | 195- 230~ | 150 0.10— | 1.00 | 0,030 | 0.030 | 0.20 | 0.10- 0.002
UNS-S31025 | oy | 230 260 | max |7929 025 | max | max | max | max | 040 | — |o0o010|
Note:

1. Balance is iron.
2. 011367-08 was used to fabricate the Alloy 709 low P weld wire with <20 wppm P.

The two Alloy 709 weld wires used in this research were fabricated through wire drawing process from
the base metal plates. The weld wire with 140 wppm P was from the Carlson Heat 58776-4A plate. The
weld wire with less than 20 wppm P was produced from a lab heat 011367-08 Alloy 709 plate



(manufactured by Carpenter Technology Corporation). The chemical compositions of the heat 011367-08
base metal are also listed in Table 2. Both base metal and the weld wires used in this welding research
met the specified NF709 chemical requirements.

Room temperature cross-weld tensile tests are required per welding procedure qualifications requirements
in ASME Section IX. The tensile specimen geometry and dimensions for Alloy 709 welds are shown in
Figure 1. The centerline of the weldment is at the mid-length of the gage section, and the entire weld was
within the reduced section of the tensile specimen.

$0.50

Gage Section
2.000

% 7

[EEZINTS L xa5°TYP

$0.350

RO.250 TYP
All Diameters

6.00

Figure 1. Room temperature cross-weld tensile specimen geometry (dimensions are in inches)

In support of Alloy 709 code qualification, cross-weld creep tests were also planned and performed under
this welding research program. The weld creep specimen used the same geometry as the base metal creep
specimen, shown in Figure 2. The cross-weld creep specimens are machined to allow the centerline of the
weldment at the mid-length of the gage section, and the entire weld was within the reduced section of the

tensile specimen.
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Figure 2. Alloy 709 cross-weld creep specimen geometry (dimensions are in inches)



3. WELDING AND WELD QUALIFICATION TEST

The Alloy 709 base metal plates were butt-welded with single V-groove joint and the details of the joint
are shown in Figure 3. Gas tungsten arc welding (GTAW) was used. A total of 9 combinations of base
metal and weld wires have been fabricated and tested so far, which is summarized in Table 3. It is noted
that the Carlson Heat 58776 base metal plates had relatively high P level at 140wppm. The two weld
wires had two different P levels: the low P level at less than 20wppm, and the high P level at 140wppm.

Part of the weld qualification tests and weld microstructure characterization on welds W1-W6 was
provided in previous reports by Feng et al, 2019 and Feng et al, 2020. This report provides additional
results on the weld qualification test of welds W6, as well as on three new welds, W7, W8 and W10. All
these welds, W6, W7, W8 and W10, were fabricated on ESR1150-AH plates. Note that W8 weld had a
medium P level — it was welded using a twin wire technique by twisting the low P and high P weld wires
(0.035” dia.) together, resulting in an estimated P level of 80wppm.

Back
weld

20 degrees

0.125
Figure 3. Single V-groove joint preparation details used in the study

Table 3. Combination of weld wire and base metal conditions investigated in this study

: Base ASME Sec. IX Weld
Weld Wire metal Quialification
Weld Base Metal plate
ID P Level Origin Heat Wire dia. (in) Plate ID thickness X-Ray Side RT
(wppm) No. (in) Bend Tensile
W1 <20 (Low P) 011367-08 0.064 ESR1100 0.79 Pass Pass Pass
W2 <20 (Low P) 011367-08 0.064 ESR1100 1.12 Pass Pass Pass
W3 140 (High P) 58776-4A1 0.064 ESR1100 1.12 Fail N/A N/A
W4 140 (High P) 58776-4A1 0.064 ESR1100 1.12 Pass Pass Fail
W5 140 (High P) 58776-4A1 0.045 ESR1150-AH 1.12 Pass Pass Pass
W6 <20 (Low P) 011367-08 0.035 ESR1150-AH 1.12 Pass Pass Pass
W7 140 (High P) 58776-4A1 0.035 ESR1150-AH 1.12 Pass Pass Pass
Approx. L
011367-08/ twin wires
W38 80wppm 58776-4A1 0.035+0.035 ESR1150-AH 1.12 Pass Pass Pass
(Med P)
W10
(gggee <20 (Low P) 011367-08 0.035 ESR1150-AH 1.12 Pass Pass Pass
Weld)




3.1 WELD W6
3.1.1 Welding (W6)

The W6 Weld was fabricated on the ESR1150-AH plates using the weld wire with less than 20wppm P
level. The detailed welding procedure and the welding parameters were documented in Feng et al., 2020.
There was no pre-heating of the base metal plate nor the weld wire, and the inter-pass temperature was
kept being below 100°C. Using a smaller diameter (0.89mm/0.035” dia.) weld wire, the heat input was
reduced from those of previous welds fabricated with larger wire diameter of 1.63mm (0.064”), which in
general is beneficial to mitigate weld solidification cracking problems.

3.1.2 Qualification test (W6)

The W6 weld was inspected with X-ray and found acceptable per ASME Section 1X with no relevant
indications of welding flaws (Feng, et al, 2020). It was further evaluated with side bending tests,
metallurgy characterization, tensile tests, and creep tests. Specimens for testing were taken from the
welded plate according to Figure 4. The results from three duplicate side bend tests showed no indications
of any cracks in the weldment (Feng, et al, 2020).
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Figure 4. Sectioning diagram of W6 Weld.

Two sets of cross-weld tensile test specimens were machined from Weld W6. Each set of the tensile tests
had one specimen out of the top of the weld and one out of the bottom of the weld. The room temperature
tensile stress-strain curves are plotted in Figure 5. The tensile strengths of the four test specimens are
summarized in Table 4. The tensile strengths of all four specimens were above the minimum ASME code
required base metal tensile strength of 640MPa. For both sets of the tensile tests, the bottom of the weld
consistently showed higher tensile strength than the top of the weld.



A photograph of the cross-weld specimens from 709 weld W6 after room temperature tensile testing is
shown in Figure 6. The center of the weldment was marked with an arrow. One of the tensile specimens
from the bottom of the weld failed in the base metal, i.e., outside the entire weldment. The failure location
of the remaining three tensile specimens was inside the weldment. All four tensile specimens showed
ductile failure mode. As such, Weld W6 passed the ASME Section 1X weld quality requirement test.

A709 Weld, W6
800 Bottom of the weld
—~ 600 — N
6-6 />\ \
\E-/ -
v 400 Top of the weld
i
o —— W6B1
- - -W6T2| |
200 — W6T1
- - -W6B2
0
0.0 0.1 0.2 0.3

Strain

Figure 5. Room temperature cross-weld tensile results for Weld W6

Figure 6. Photograph of the room temperature cross-weld tensile test results from Weld W6



Table 4. Room temperature cross-weld tensile results for Weld W6

Location of the tensile specimens Tensile strength,
MPa
Cross-weld tensile Top of the weld 681.5
test set #1 Bottom of the weld 734.7
Cross-weld tensile Top of the weld 689.0
test set #2 Bottom of the weld 741.9

3.1.3 Microstructure characterization (W6)

Figure 7 shows the optical image of the cross-section of the W6 weld. There was no visible weld defects
and cracks in the entire weld.

A709 Weld W6

Figure 7. Cross-section view of Weld W6. No apparent weld defect or cracking were observed.



3.2 WELD W7

Previously, Welds W3 and W4 fabricated with 140wppm P weld wire on the Carlson Heat (ESR 58776-
3RBB) did not pass the ASME Section IX weld qualification test (Feng, Wang, Kyle, & Dai, 2019). W3
showed severe indications of weld defects under X-ray NDE, thus no further qualification tests were
carried out. Weld W4 passed the X-ray inspection and side bending test. However, it did not pass the
room temperature tensile tests, and sub-mm sized cracks were found in the weld, predominately around
the weld centerline associated with the final weld passes. Detailed EPMA micro-chemistry analysis
confirmed significant micro-segregation of P at the interface of solidification dendritic sub-grains and
grain boundaries. It is noted that no noticeable macro-level, pass-to-pass variations were observed, and
some meso-level variations within a weld pass. On the other hand, micro level P segregation of the
solidification sub-grain dendrites and grains were extensive. The level of micro-segregation could reach
1460wppm, that is, an order of magnitude higher than the nominal 140wppm P level in the weld metal.
The EPMA analysis also showed minimal segregation in the base metal and HAZ, as expected. The
average P in the weld and base metal was consistent with the chemistry analysis of the P level —
140wppm.

Subsequently, the welding heat input was reduced in making Weld W5, for the 140wppm P weld wire.
The reduction of heat input was accomplished by reducing the weld wire diameter from 1.626mm
(0.064”) to 1.143mm (0.045”), and by using hot-wire GTAW. Weld W5 successfully passed all the
qualification tests including X-ray inspection, side bend and room temperature tensile (Feng et al, 2020).
However, hot-wire welding was rather restrictive. In this report period, Alloy 709 weld, W7, was
fabricated without using the hot-wire, to evaluate the feasibility of achieving a code qualified weld with
140wppm weld wire only through using smaller gage weld wire. For Weld W7, the 140wppm P weld
wire was 0.035” in diameter, which allowed further reducing the welding heat input from 25-30 kJ/in in
WS5, to 20 kJ/in as shown in Table 5.

3.2.1  Welding of W7 with high P weld wire

The basic weld joint configuration (single V groove butt weld) used for Weld W7 was the same
as all previous welds (Figure 3). The actual weld-pass layout for Weld W7 weld is schematically
shown in Figure 8. There was a total of 36 welding passes. Same as previous welds, there was no
pre-heating and the inter-pass temperature was kept below 100°C. The welding parameters of W7
are shown in Table 5. The average heat input for W7 is similar to that of W6. For Weld W7, the
dimension of the base metal plates was 203 mm (8in) long, 89mm (3.5in) wide and 28.5mm
(1.125in) thick. The total length of the weld was 203mm(8in).



Pass 3-36 Machine

pass 1 &2 Manual

Figure 8. Actual weld-pass layout of Weld W7

Table 5. Welding parameters for Weld W7 (with 140wppm P weld wire)

Weld/ pass welding process

1

GTAW Manual

GTAW Manual

GTAW Machine

GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine
GTAW Machine

preheat interpass
temp degrees C

N/A (23 C ambient)

<100C

<100C

<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C
<100C

8.8

10.1

10.2

10.5
9.8
10
10
10
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10
10
10
10
10
10
10
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.4
10.2
10.2
10.2

Volts (V) max Amps (A)

80

95

165

175
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
170
165
165
165
165

Travel speed
(ipm)

2.5

3.0

ASME IX QW 409.1 (a)
Joules/inch =
(Voltage* Amps*60) / (ipm)

16896.0

19190.0

20196.0

20045.5
19992.0
20400.0
20400.0
20400.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20400.0
20400.0
20400.0
20400.0
20400.0
20400.0
20400.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20808.0
20592.0
20196.0
20196.0
20196.0

kJ/inch

16.9

19.2

20.2

20.0
20.0
20.4
20.4
20.4
20.8
20.8
20.8
20.8
20.8
20.8
20.8
20.4
20.4
20.4
20.4
20.4
20.4
20.4
20.8
20.8
20.8
20.8
20.8
20.8
20.8
20.8
20.8
20.8
20.6
20.2
20.2
20.2

Wire feed speed
(ipm) automatic or
machine only

N/A

N/A

40

60
65
65
60
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65
60
60
60
60

string or weave,
weave enter
amplitude

stringer

stringer

Stringer

Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer
Stringer

notes

.035 wires twisted together. backing weld
pass 1, 100 Argon at 35 CFH and backing gas

.035 wires twisted together. backing weld
pass 2, 100 Argon at 35 CFH and backing gas

100 Argon at 35 CFH and backing gas back
grind pass 1 then weld
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
100 Argon at 35 CFH
101 Argon at 35 CFH
102 Argon at 35 CFH
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3.2.2 Code gualification test of Weld W7

The baseline weld qualification testing included X-ray inspection, side bend and room temperature cross-
weld tensile per ASME Section 1X. X-ray inspection result performed on W7 is shown in Figure 9. The
weld was found to be acceptable with no relevant indication of welding defects.

Test specimens for side bend, room temperature tensile, high temperature creep and microstructure
analysis were machined per the layout in Figure 10. The three side bend specimens had 9.53mm (3/8 in)
in thickness, and a photograph of the specimens after side bend testing are shown in Figure 11. Small
cracks were noticed inside the fusion zone, but the size of the cracks was less than 3mm, which is
acceptable per ASME Section 1X code requirement.

Two sets of cross-weld tensile test specimens were machined from Weld W7. The locations of the tensile
specimens relative to the welded plate are shown in Figure 10. Similar to the tensile tests of previous
welds, each set of the tensile tests had one specimen out of the top of the weld and one out of the bottom
of the weld. The room temperature tensile stress-strain curves are plotted in Figure 12. The tensile
strengths of the four test specimens are summarized in Table 6. The tensile strengths of all four specimens
were above the minimum ASME code required base metal tensile strength of 640MPa. For both sets of
the tensile tests, the bottom of the weld consistently showed higher tensile strength than the top of the
weld. It is noticed that one of the tensile specimens from the top of the weld showed much lower
elongation and tensile strength, it is suspected that there were welding defects in this specimen which
adversely affected the tensile properties.

A photograph of the cross-weld specimens from 709 weld W7 after room temperature tensile testing is
shown in Figure 13. The center of the weldment was marked with an arrow. The failure location of all
four tensile specimens was inside the weldment. All four tensile specimens showed ductile failure mode.
Thus, Weld W7 passed the ASME Section 1X weld quality requirement test.

Figure 9. X-ray inspection result of Weld W7
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Figure 10.Sectioning diagram of Weld W7.
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Figure 11. Side bend test results of Weld W7
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Figure 12. Room temperature cross-weld tensile results for Weld W7
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Table 6. Room temperature cross-weld tensile results for Weld W7

Location of the tensile specimens Tensile strength,
MPa
Cross-weld tensile Top of the weld 649.2
test set #1 Bottom of the weld 753.2
Cross-weld tensile Top of the weld 699.3
test set #2 Bottom of the weld 7415

3.2.3 Microstructure characterization (W7)

Figure 14 shows the optical image of the weld cross-section of the W7 weld. Micro-fissure type of weld
defects were observed, which is consistent with solidification cracking. The maximum size of the cracks
is about 500 um. These defects are mostly located at the top half of the weld.

Although these weld defects were not detectable under X-ray inspection, they are believed to be the root
cause of the adverse tensile properties for the top of the welds.

From previous creep screening tests, the welds exhibited significantly weaker creep strength when
multiple relatively large welding defects (~millimeter scale) were present although the weld passed the
ASME Section 1X qualification tests. The effect of the welding defect on weakening of the creep strength
is especially significant when the specimens was tested under higher stresses beyond yield.
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Figure 14. Cross-section view and the weld defects observed in Weld W7



3.3 WELD WS

Alloy 709 welding research so far has led to the recommendation of using low P level of weld wire with
less than 20wppm for production welds with consistent high quality. However, it is great interest of the
Alloy 709 welding development research program to evaluate the possibility of relaxing the tight
restriction of the P level. This W8 weld was an attempt for such an evaluation.

3.3.1 Welding (W8)

Weld W8 was welded using a twin wire technique by twisting a 20wppm 0.035” dia weld wire and a
140wppm 0.035” dia weld wire together, to create an average P level of approximately 80wppm. The
Weld W8 was fabricated with manual GTAW. The total length of the Weld W8 was 203mm(8in), and the
thickness of the base metal plates is 1.125 in.

3.3.2 Qualification test (W8)

X-ray inspection result performed on W8 is shown in Figure 15. The weld was found to be acceptable
with no relevant indication of welding defects. Test specimens for side bend, room temperature tensile,
high temperature creep and microstructure analysis were machined per the layout shown in Figure 16. A
photograph of the specimens after side bend testing are shown in Figure 17. Small cracks with maximum
size of 0.01” were noticed inside the fusion zone, but the size of the cracks was well within the allowable
limit of 0.125” (or 3mm) per ASME Section IX code requirement, and much smaller than those found in
the side bend test samples of W5 and W7 of 140wppm P.

ORNL 05/06/2021
W.0. #42003682, R29989
ALLOY 709 1-1/8" PL X 1-1/8" PL
WELD #8

Figure 15. X-ray inspection result of Weld W8
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Figure 16. Sectioning diagram of Weld W8
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Two sets of cross-weld tensile test specimens were machined from Weld W8. Each set of the tensile tests
had one specimen out of the top of the weld and one out of the bottom of the weld (Figure 16). The room
temperature tensile stress-strain curves are plotted in Figure 18. The tensile strengths of the four test
specimens are summarized in Table 7. The tensile strengths of all four specimens were above the
minimum ASME code required base metal tensile strength of 640MPa. Similar to previous welds, for
both sets of the tensile tests, the bottom of the weld consistently showed higher tensile strength than the
top of the weld. A photograph of the cross-weld specimens from 709 weld W8 after room temperature
tensile testing is shown in Figure 19. The center of the weldment was marked with an arrow. The failure
location of both specimens from the bottom of the welds failed outside the weld, and both tests from the
top of the weld failed inside the weldment. All four tensile specimens showed ductile failure mode. Thus,
Weld W8 passed the ASME Section IX weld quality requirement test.

A709 weld W8
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Figure 18. Room temperature cross-weld tensile results for Weld W8

Figure 19. Photograph of the room temperature cross-weld tensile specimens from Weld W8
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Table 7. Room temperature cross-weld tensile results for Weld W8

Location of the tensile specimens

Tensile strength,

MPa
Cross-weld tensile Top of the weld 697.4
test set #1 Bottom of the weld 752.5
Cross-weld tensile Top of the weld 684.5
test set #2 Bottom of the weld 750.8

3.3.3 Microstructure characterization (W8)

Figure 20 shows the optical image of the cross-section of the W8 weld. Three regions with weld defects
were observed, and two defects on the top of the weld have the features consistent with solidification
cracking. The one at bottom of the weld is a small pore, common to most welds. The large crack is about
500 um. These defects are mostly located at the top half of the weld, similar to W7. The significant
difference between this W8 and W7, is that the number density of the weld defects is much smaller.

A709 Weld-W8

Figure 20. Cross-section view of Weld W8
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4. FABRICATION OF ALLOY 709 WELD TO SUPPORT ALLOY 709 WELD CODE CASE
TESTING

In support of initiating creep Code Case testing of Alloy 709 weldment, production weld was fabricated
in this FY 2021. The welding procedure and parameters are the same as what was developed for Weld
W6 (<20wppw P). The base metal plates were the same Carlson Heat 58766 ESR1150-AH, each with the
size of 15in long, 4in wide and 1.12in thick. The total length of this production weld is 15in and can yield
a total of 19 creep specimens.

A photograph of this production weld is shown in Figure 21. X-ray inspection result was acceptable with
no relevant indication of welding defects. Completion of the fabrication of this production weld allows
creep rupture Code Case testing of the Stress Reduction Factors required for the Alloy 709 Code Case
data package.

Figure 21. Photograph of the Alloy 709 production weld and X-ray NDE results
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5. PRELIMINARY CREEP TEST ON ALLOY 709 WELDS

Creep testing of the Alloy 709 welds are on-going for welds passed the ASME Section IX weld
qualification tests. So far, creep tests have been carried out on Welds W2, W5 and W6, under creep test
conditions selected for a screening assessment of the creep strength of these welds. The results from this
screening test will be used to develop the creep testing matrix for the more comprehensive creep test to
support the Alloy 709 Code Case data package. Table 8 lists the parameters and status of the preliminary
creep test.

For comparison purposes, the Larson-Miller Parameter (LMP) was used to compare all the available
creep rupture results on the Alloy 709 welds with the those on base metal ESR1100 and ESR1150-AH.
The results are shown in Figure 22. In this plot, the Larson-Miller equation for calculating the LMP was
based on Eq. (1):

LMP = (temperature + 273.15) * (C + log(t,.)), Q)
where temperate is in °C and rupture life, t,., is in hours, and C is assumed to be a constant value of 15.

From the limited preliminary creep rupture data on Weld W2 and W5 and the comparisons with the base
metal, the rupture life of Alloy 709 cross-welds showed little or no reduction in their creep strength,
except for the condition with very high stress of 330MPa at 600°C. It is noted for this condition, the
specimen was under high stress level beyond the yield strength, and not typical condition for creep
property evaluation.

The creep testing matrix for the production weld is being developed, and the results will be used to

establish the stress rupture factors for Alloy 709. It is expected the creep rupture Code Case testing of
Alloy 709 welds will be initiated in FY 2022.

Table 8. Preliminary creep testing results of Alloy 709 welds

Alloy
Test Stress, | Temp, Rupture
709 P level number MPa °C Status time, hr
welds
34276 330 600 Completed 602.7
Weld wire: P<20 34325 330 600 Completed 378
eld wire: P<20wppm;
W2 | Base meatal: ESR1100 (P: 140wppm) 34455 330 600 | Completed | 353
34456 27 925 Completed 342
34458 80 775 Completed 2300
38440* 330 600 Completed 6.5
Weld wire P: 140 38439 175 650 Completed | 5,092.2
eld wire P: 140wppm; i -
W5 Base meatal: ESR1100 (P: 140wppm) 38468 175 625 Runn!ng
38467 150 650 Running --
38469 80 775 Completed | 2464.5
W6 Weld wire: P<20wppm; 40014 100 750 Running -
Base meatal: ESR1150-AH (P: 140wppm) 40017 50 800 Running -

*This test is excluded for creep strength evaluation, due to welding defects caused short creep life.
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6. SUMMARY AND FUTURE PLAN

This report summarizes the research conducted in FY 2021 and relevant results from previous reporting
periods, aimed at welding commercial heat of Alloy 709 plates of relatively high P level (140wppm) in
support of ASME code qualification. Welding, code qualification tests, and associated microstructure
characterization were carried out in determining the effect of P levels of weld wire on the weldability of
the high P commercial heat of Alloy 7009.

All welds produced and investigated so far in this work have been on a commercial heat of Alloy 709 (the
Carlson Heat 58776) with 140wppm P. Welds with three different P levels were produced by changing
the P level of the weld wires from 20wppm to 140wppm.

The study found that the Carlson Heat 58776 with 140wppm P can be welded with relative ease with a
low phosphorous (20wppm) weld wire using gas tungsten arc welding process at typical welding input
levels. In addition, the preliminary weld creep test showed little or no creep strength reduction in the weld
region relative to that of the base metal. The success of such low P weld wire practice has been adopted to
produce a large size weld in support of the planned comprehensive creep testing and others as part of the
Alloy 709 Code Case data package. The fabrication of this large weld was completed in FY 2021.

Micro cracks or fissures are observed when the phosphorous level in the weld wire increases to
140wppm. These micro-cracks were formed due to P segregation at solidification grain boundary during
the solidification of weld metal. The study found that optimizing the welding process conditions such as
weld wire size and welding heat input improved the weldability, although additional R&D is necessary to
completely eliminate the micro-cracks at 140wppm level of P. Initial weld creep tests indicated that the
micro-cracks, although acceptable to ASME Sec IX weld qualification requirement, would potentially
cause premature rupture under low-temperature and high-stress creep testing conditions. On the other
hand, such micro-cracks appeared to have minimal effect to weld creep strength under lower stress and
higher temperature conditions. This aspect would require additional study to develop sound technical
basis to support the code case qualification of Alloy 709 for ASME Sec IX.

Weld made at medium P level (estimated at 80wppm) by means of twin weld wire technique showed
improved weldability. Although micro-cracks were still observed, but they were less than 0.5mm in size,
much smaller than those found in the welds made with 140wppm weld wires. And the weld passed the
ASME Sec IX weld qualification requirement. High-temperature creep testing of this weld is planed.

The research on Alloy 709 weldability in this program so far supports the strategy for successfully
welding Alloy 709 having wide range of chemistries without weld solidification cracking. The strategy
includes the use of low P level weld wire to weld Alloy 709 having relatively high P. It also includes
segregation control and/or stress control welding techniques for P level higher than the above threshold
situations. To this end, future FY R&D plan includes quantitatively determining the threshold or the
upper limit of P level that will not cause solidification cracking through systematic weldability study, for
commonly used arc welding processes such as GTAW, shielded metal arc welding (SMAW), electron-
beam welding.
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